ABSTRACT: Chorioamnionitis frequently induces a fetal inflammatory response syndrome (FIRS), characterized by an elevation of proinflammatory mediators and systemic inflammation. Although there is increasing evidence that inflammation and lipid metabolism influence each other, the effects of chorioamnionitis-induced FIRS on fetal lipid homeostasis are currently not known. Accordingly, we hypothesize that chorioamnionitis induces an inflammatory response in the fetal liver, consequently leading to metabolic disturbances. Chorioamnionitis was induced by intra-amniotic injection of 10 mg endotoxin (control) for 2 d or 2 wk before delivery. Saline injections were given to controls. The effect of chorioamnionitis on hepatic inflammation and metabolic parameters was analyzed in ovine fetuses at the GA of 125 d (normal GA ϭ 150 d). We found that 2 d after the endotoxin injections, inflammatory markers were significantly higher compared with controls. In addition, lipid and glucose metabolism were disturbed in response to endotoxin. Moreover, the antioxidant state capacity was reduced, and hepatic damage was apparent. Two weeks after the endotoxin injections, the fetal livers were still inflamed and had higher glucose concentrations in the blood. In addition, the levels of markers for hepatic damage (alanine aminotransferase and aspartate aminotransferase) were increased. In conclusion, chorioamnionitis induces liver inflammation leading to metabolic disturbances in the fetus. (Pediatr Res 68: 466-472, 2010) 
P reterm delivery is a major problem in reproductive medicine today. Currently, ϳ10% of all deliveries are preterm (1) . Irrespective of the progress in neonatal care, preterm delivery is still the most important cause of neonatal death and long-term neurological morbidity. In addition, most interventions to prevent preterm birth are unsuccessful (2, 3) .
Chorioamnionitis, defined as inflammation of the amniotic fluid and fetal membranes caused by bacterial endotoxin, is a common pregnancy complication and is associated with preterm birth (4) . At least 60% of all preterm births below 25 wk of gestation have mothers who suffer from chorioamnionitis (2, 5) . Chorioamnionitis frequently causes a fetal inflammatory response syndrome (FIRS), which is characterized by an elevation of proinflammatory mediators and systemic inflammation (6) . So far, most studies in the field of chorioamnionitis and FIRS have focused on the effects on lungs and brain (6) . However, the effects of chorioamnionitis-induced FIRS on the liver have thus far not been investigated. The liver is a central organ in an organism's metabolism, and damage to the liver may play an important role in the development of metabolic diseases (7, 8) . Accordingly, we hypothesized that chorioamnionitis induced an inflammatory response in the fetal liver, which would lead to fetal metabolic disturbances. This hypothesis is in line with several observations indicating that inflammation and lipid metabolism influence each other (9) . Besides the finding that lipids can induce an inflammatory state, inflammation itself has been described to induce changes in lipid metabolism (9) .
To test our hypothesis, we examined whether intra-amniotic endotoxin injection in sheep, an established model of chorioamnionitis (10 -16) , induced inflammation and lipid changes in the fetal liver. Both short-term (2 d) effects and long-term (2 wk) effects of endotoxin-induced chorioamnionitis were studied. The livers of ovine fetuses were analyzed at birth at a GA of 125 d (comparable with a GA of 28 wk in humans; normal ovine GA ϭ 150 d) for hematopoietic activity, antiinflammatory capacity, glycogen storage, inflammation, and cell damage. In addition, we studied the relationship between hepatic inflammation and lipid levels in the liver and glucose concentrations in plasma.
MATERIALS AND METHODS
Animals, intra-amniotic injections, and tissue processing at delivery. The study protocol was approved by and was performed according to the guidelines of the Animal Care Committee of the University of Maastricht, The Netherlands. Fifteen time-mated Texel ewes, bearing both singletons and twins, were randomly assigned to receive a single dose of 10 mg endotoxin (Escherichia coli 055:B5; Sigma Chemical Co. Chemical, St. Louis, MO) or the equivalent volume of saline for controls by ultrasound guided intraamniotic injections (10) . The influence of singleton/twin and gender on the analyzed variables was ruled out by using multivariate ANOVA. Both short-and long-term effects of chorioamnionitis induced by intra-amniotic endotoxin injections were studied 2 d (n ϭ 5; n ϭ 5 for controls after saline injection) and 2 wk (n ϭ 7; n ϭ 7 for controls after saline injection) before the Caesarean section delivery at the GA of 125 d (term being 150 d; Fig. 1 ). At birth, a cord blood arterial sample was collected followed by a lethal injection of pentobarbital sodium via the umbilical vein. Samples of the left liver were either fixated in 4% formaldehyde or snap frozen in liquid nitrogen for further analysis.
Immunohistochemistry and histological analysis. Liver tissue was fixed in formaldehyde, embedded in paraffin, and cut in 3 m sections. Hepatic inflammation and hematopoiesis were evaluated after hematoxylin and eosin (H/E) staining in response to endotoxin-induced chorioamnionitis. Whole sections were analyzed for inflammation and scored in a blinded manner by a specialized animal pathologist. The sections from each animal were scored as zero if they had no inflammatory cells present in tissue, one for a few inflammatory cells (1-20 cells) , two for moderate cell infiltration (21-40 cells), three for a large number of inflammatory cells (41-60 cells), and four if inflammation was spread all over in the tissue (Ͼ61 cells) (10) . The sections were also scored for hematopoiesis, using the following semiquantitative scale: grade 0 (none), grade 1 (mild), grade 2 (moderate), and grade 3 (severe) (17) . The specificity of the inflammatory cells in the fetal liver tissue was determined by immunohistochemical staining for T-lymphocytes (CD3) and for myeloperoxidase (MPO) (18) . Endogenous peroxidase activity was blocked by incubation in hydrogen peroxide. Nonspecific binding sites were blocked with serum. After antigen retrieval, CD3-positive T-lymphocytes were stained with a polyclonal rabbit anti-human CD3 antibody (DAKO A0452; dilution 1:200). Polyclonal rabbit anti-human MPO (DAKO A0398; dilution 1:500) was used as primary antibody to identify MPO-positive cells. Biotinylated polyclonal swine anti-rabbit IgG (DAKO E0353; dilution 1:200/ 1:500) was applied as secondary antibody. After adding StrepABComplex/ HRP (DAKO KO377), staining was performed with 3-amino-9-ethylcarbazole, and sections were counterstained with hematoxylin.
Sections were photographed at 200ϫ magnification using a Nikon digital camera DMX1200 and ACT-1 v2.63 software from the Nikon Corporation. For the CD3 and MPO immunohistochemical staining, cell numbers were counted in six randomly selected microscopical views and were noted as cells per square millimeter.
Glycogen content was detected in the fetal livers by a Periodic Acid Schiff (PAS) staining. Paraffin sections were incubated in 1% periodic acid. Counterstaining was performed with hematoxylin. The relative glycogen content of individual livers was estimated from the PAS staining intensity in a blinded fashion, which was rated as negative (score 0), minimal (score 1), moderate (score 2), or severe (score 3).
To investigate fat deposition in the liver, frozen 7-m thick sections were stained with oil red O. Briefly, liver cryosections were fixed for 60 min in 3.7% formaldehyde solution and stained with 0.2% oil red O in 60% triethyl-phosphate for 30 min. Sections were counterstained with Mayer's hematoxylin, washed with running tab water, and covered with coverslip using 10% glycerol in PBS.
RNA extraction and RT-PCR. Total RNA was isolated from frozen liver samples by using Tri-reagent of Sigma Chemical Co., as previously described (8) . All applications were done according to manufacturer's protocols. Reverse transcription was performed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to manufacturer's instructions. Real-time PCR was performed on a Bio-Rad MyIQ with the IQ5 v2 software using the IQ SYBR Green Supermix with fluorescein (Bio-Rad) and 10 ng of cDNA. Primers for target genes IL-1␤, IL-8, TNF, and glutathione S-transferase (GST) were developed using Primer Express version 2.0 (Applied Biosystems, Foster City, CA) using default settings. To standardize for the amount of cDNA, cyclophylin A (peptidylprolyl isomerase A, PPIA) was used as housekeeping gene. Primer sequences are given in Table 1 . The liver real-time PCR results were obtained using the relative standard curve method.
Antioxidant capacity. The trolox equivalent antioxidant capacity (TEAC) indicates the total antioxidant status. It is an assay to relate the free radical scavenging properties of a solution or a compound to that of the synthetic antioxidant trolox. The assay was performed as previously described with minor modifications (19) . In short, a 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS)) solution was freshly prepared. This solution was heated at 70°C for ϳ10 min. The absorbance at 734 nm was determined every 2 to 3 min to evaluate the ABTS formation. At an absorbance between 0.6 and 0.7, the reaction was stopped by cooling the solution on ice.
Liver lipid analysis. Approximately 50 mg of frozen liver tissue was homogenized (8) . Protein content was measured using the bicinchoninic acid method (Pierce, Rockford, AL). Triglycerides and total cholesterol content were measured according to manufacturer's instructions on a Benchmark 550 Micro-plate reader (Bio-Rad).
Plasma parameters. Triglycerides, total cholesterol, and HDL (C) have been determined on a Beckman Coulter Synchron LX20 PRO Clinical Chemistry analyzer (Beckman Coulter, Fullerton, CA). The measurements have been validated in adult and fetal sheep. LDL (C) has been calculated by the Friedewald equation (20, 21) . This equation estimates LDL (C) from the measurements of total cholesterol, triglycerides, and HDL (C):
The glucose concentration was determined by an oxygen rate method using the oxidation of glucose to gluconolactone catalyzed by glucose oxidase at an enzyme electrode. Gamma-glutamyltranferase (GGT), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) have been determined on a Beckman Coulter Synchron LX20 PRO Clinical Chemistry analyzer (Beckman Coulter, Fullerton), where the activity was measured by an enzymatic rate method. The rate of change in absorbance, which is caused by the enzymatic reaction, is directly proportional to the activity of GGT, ALT, and AST in the sample and is used by the Synchron system to calculate and express the respective activity.
Data analysis. Data were statistically analyzed using Statistical Package for Social Sciences (SPSS 15.0 Software). Comparisons between controls and endotoxin-injected groups were performed by t test and in addition multivariate one-way ANOVA with gender and singleton/twin as covariates. Significant effects were analyzed by post hoc Bonferroni corrections. Scoring of hematopoietic, inflammatory cells, and glycogen was calculated by Pearson's 2 test. Results are presented as means Ϯ SD, and a p Ͻ 0.05 was considered as statistically significant. The symbols, */, indicate significant differences between saline and endotoxin-injected groups with *p Ͻ 0.05; **p Ͻ 0.01; and p Ͻ 0.001. 
RESULTS

Hepatic inflammation and hematopoiesis.
H/E-stained liver sections from control animals and animals that received endotoxin 2 d before delivery showed no differences in inflammatory cell infiltration (Fig. 2 ). However, an increased level of infiltrated inflammatory cells was detected 2 wk after endotoxin exposure (Fig. 2A ). There were no significant differences in hematopoiesis between the four groups ( Table 2) .
Consistent with the results of the H/E staining, CD3-positive T-lymphocytes were significantly increased in the livers of animals that received endotoxin 2 wk before delivery (Fig. 2B) . Remarkably, most CD3-positive T-lymphocytes were positioned in the hematopoietic clusters (Fig. 2D-G ). An interesting observation was the increase in the number MPOpositive cells both 2 d and 2 wk after the endotoxin injections compared with controls (Fig. 2C) . Unlike the CD3-positive T-lymphocytes, the MPO-positive cells were not located in between the hematopoietic clusters ( Fig. 2H-K) .
Expression profiling of genes involved in inflammation. To investigate the hepatic response to endotoxin-induced chorioamnionitis in more detail, mRNA levels of TNF and IL-1␤ were determined. TNF and IL-1␤ mRNA levels rapidly increased in the fetal liver of animals that were killed 2 d after the endotoxin injection. Two weeks after the endotoxin exposure, cytokine mRNA levels returned to basal levels (Fig. 3) . The mRNA levels for the neutrophil chemoattractant IL-8 did not change in the fetal liver after fetal exposure to endotoxin (Table 2) .
Metabolic changes after endotoxin-induced chorioamnionitis. Because the liver has indispensable functions in lipid homeostasis (23) and a correlation exists between lipid levels and inflammation (7,24), we assessed the potential effect of hepatic inflammation on both hepatic and plasma lipid levels. Both total cholesterol and triglycerides plasma levels were increased 2 d after endotoxin-induced chorioamnionitis ( Fig.  4A and B) . The increase in cholesterol corresponds with increased HDL and LDL levels, although only HDL levels are significantly increased 2 d after endotoxin-induced chorioamnionitis (Fig. 4A) . The increases in cholesterol and triglycerides were limited to the plasma. Two days after endotoxin exposure, preterm-delivered lambs showed hepatic cholesterol levels that tended to increase compared with control levels (p ϭ 0.06). Two weeks after endotoxin injections, hepatic cholesterol returned to basal levels ( Table 2) . Hepatic triglycerides levels were not affected by exposure to endotoxin; this was independently confirmed by oil red O staining (data not shown).
A significant increase was observed in plasma glucose levels both 2 d and 2 wk after the endotoxin injections (Fig.  4D ). In addition, abundant glycogen storage was observed within the livers of both control groups. However, the PAS staining in hepatocytes gradually disappeared after endotoxin injections (Fig. 4C) , indicating that the amount of hepatic glycogen decreases in response to endotoxin-induced chorioamnionitis ( Fig. 4E-H) .
Liver damage after endotoxin-induced chorioamnionitis. All groups exhibited equal antioxidant activities based on the TEAC assay, except for the group that was injected 2 d before delivery where we detected a decrease in the concentration of the antioxidant capacity (Fig. 5A) . Similarly, the measurement of mRNA expression of GST was also decreased 2 d after fetal exposure to endotoxin. Two weeks after the endotoxin injection, the mRNA expression returned to basal levels (Fig. 5B) . Moreover, plasma GGT levels were significantly increased both 2 d and 2 wk after endotoxin injections (Fig. 5C ). To assess whether the hepatic inflammatory response and lipid changes were associated with increased liver damage, the level of plasma GGT, ALT, and AST were measured. Both plasma ALT and AST measurements showed a significant increase 2 wk after endotoxin-induced chorioamnionitis ( Fig.  5D and E) .
DISCUSSION
This study demonstrates for the first time that fetuses exposed to endotoxin-induced chorioamnionitis develop hepatic inflammation and disturbed lipid metabolism in utero. Accordingly, our data stress the importance to monitor liver function and metabolism in infants born in the setting of chorioamnionitis-induced FIRS.
Although the liver is one of the most important organs both in fetal and in adult life, studies concerning chorioamnionitisinduced FIRS are limited to lungs, brain, and gut (25) (26) (27) . In previous studies, we already investigated the inflammatory response to chorioamnionitis in lungs, brain, and gut using the same fetal sheep model (10, 28) . We have shown that endotoxin evoked a pulmonary inflammatory response 2 d after injections (10), which is not mediated by cortisol (29) and induced oxidative stress in the fetal lung (27, 30) . The chorioamnionitis-induced inflammatory response in the brain was dose dependent and the most prominent in the animals that received endotoxin 2 wk before the deliv- Metabolic parameters of saline and endotoxin-exposed animals. Plasma total cholesterol, HDL, and LDL levels (A). Plasma triglycerides levels (B). Plasma glucose levels (C). Representative score of hepatic glycogen content from control and endotoxin-exposed animals based on PAS-stained liver sections (D). Representative pictures (ϫ200 magnification; scale bar corresponds to 100 m) of the PAS staining for the saline 2 d (E), endotoxin 2 d (F), saline 2 wk (G), and endotoxin 2 wk (H) exposed animals, respectively. *p Ͻ 0.05; **p Ͻ 0.01; and p Ͻ 0.001 significant difference from saline-injected group. ery (28) . Comparable effects were found in the gut, where endotoxin-induced chorioamnionitis did not induce an early inflammatory response. However, 2 wk after endotoxin administration, preterm animals showed increased numbers of infiltrating inflammatory cells (25) . In this study, we demonstrated for the first time that chorioamnionitis led to hepatic inflammation and disturbed fetal lipid metabolism. Although the increased inflammatory response was not associated with changes in hepatic lipid levels, plasma lipids were significantly increased.
In liver disease, activated immune cells release inflammatory mediators such as cytokines in the microenvironment of the liver (9) . In good agreement, we observed a rapid and robust elevation of both IL-1␤ and TNF mRNA expression in the liver in response to neutrophil infiltration and CD3-positive T-lymphocyte expansion. IL-1␤ and TNF are well-known proinflammatory cytokines, involved in the early inflammatory response and in the evolution of the inflammatory events (31) . TNF is also one of the major activators of nuclear factor kappa B, a transcription factor that plays a crucial role in inflammation and regulates the production of TNF and multiple other cytokines (32) . By promoting migration and adhesion, TNF contributes to increased infiltration of inflammatory cells, leading to a sustained inflammatory response. The observed inflammatory cell influx on H/E-, MPO-, and CD3-T-lymphocyte staining, in combination with increased cytokine expression, clearly indicate that the fetal liver is inflamed in response to the endotoxin-induced chorioamnionitis.
Several studies proposed that proinflammatory cytokines may induce metabolic changes (33, 34) . TNF-␣ and IL-6 could inhibit lipoprotein lipase, and TNF-␣ stimulates hormone-sensitive lipase and induces uncoupling protein expression. TNF-␣ can also down-regulate insulin-stimulated glucose uptake and therefore evoke insulin resistance and inefficient carbohydrate conversion. Increased plasma triglyceride levels represent an early and consistent metabolic alteration during inflammation. In addition, increased plasma total cholesterol levels and hepatic cholesterol synthesis has been reported (9) . In our study, we indeed observed a similar peak in cholesterol and triglycerides levels in combination with the hepatic inflammatory response 2 d after exposure to endotoxin. These changes in lipid metabolism serve as first line defense against the induced inflammation, as the effects of cytokines on lipid metabolism are direct. However, in cases of chronic inflammation, the cytokine-induced lipid changes could be deleterious and may contribute to the development of metabolic diseases (9) . Surprisingly, the early (i.e. 2 d postinjection) rise in lipid levels did not persist. This unexpected observation could be attributed to the apparent ability of the fetus to modulate and down-regulate lipid levels (13, 35) . Although the changes in lipid levels seem to be resolved 2 wk after the endotoxin injections, this issue needs further investigation as the inflammation persisted. Indeed, as inflammation is thought to induce marked changes in lipid metabolism (9), a potential long-term effect may be the development of metabolic disease. The observed increases in plasma glucose levels after 2 d and 2 wk endotoxin treatment are in line with the decreases in glycogen content observed by PAS-staining. Similarly, it was shown that endotoxin treatment in mice can diminish liver glycogen content as early as 1 h after treatment, probably because of impairment of glycogenesis and gluconeogenesis (36) .
In addition to the lipid changes and hepatic inflammation, endotoxin-induced chorioamnionitis also led to oxidative damage. Oxidative damage to tissues has been implicated in the pathogenesis of liver disease (18); we here show evidence of immediate and sustained oxidative damage by the immunohistochemical staining against MPO. MPO is an important enzyme that is stored in azurophilic granules of polymorphonuclear (PMN) neutrophils and is therefore used as a neutrophil marker (37) . In addition, hepatic infiltration of MPOpositive PMN neutrophils is associated with the presence of oxidized phospholipids (38) . Therefore, the presence of MPOmediated lipid oxidation is indicative of altered lipid metabolism leading to further hepatic damage.
Additional evidence for an altered redox/oxidative status in the livers of these fetuses was the decreased expression of GST 2 d after the endotoxin injections and the reduced capacity of the trolox assays. GST is an enzymatic antioxidant that is released by neutrophils and macrophages at sites of inflammation and its activity protects cells against oxidative stress (39, 40) . The level of antioxidant capacity may provide a clear indication on the extent of cytotoxic damage that occurs in the liver (41) . Oxidative stress can overwhelm the antioxidant defense mechanisms and perturb the structure and functions of the fetal liver (39, 40) . The early down-regulation of GST expression we observe suggests that the fetus may have difficulties in responding to oxidative stress. Indeed, the decrease in antioxidant capacity in the liver of these fetuses was associated with liver damage indicated by the increase in plasma GGT levels. In addition, both plasma ALT and AST levels were increased 2 wk after fetal exposure to endotoxin, indicating the presence of persisting liver damage, varying cell viability, and cell membrane permeability in these fetal sheep (41) .
In summary, this study demonstrates for the first time that chorioamnionitis-induced FIRS can sensitize the fetus to develop hepatic inflammation, consequently leading to metabolic disturbances. Moreover, these metabolic changes could lead to further development of hepatic inflammation and even insulin resistance in later life (42, 43) . The underlying mechanisms of these findings and the long-term effects of chorioamnionitis require further studies. However, our results already suggest an important clinical indication to monitor liver function and metabolism in chorioamnionitis-affected babies.
